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I. The Solar Neutrino Problem

Solar Neutrinos in 2
Parts

(SNP)

Developing the SSM
The search for solar vs
The SNO experiment

Resolution of the SNP

2. The road forward
® Open questions
® Current experiments

® The next generation



Modern Understanding

CNO Cycle
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SOLAR VUV ENERGY SPECTRA
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SOLAR VUV ENERGY SPECTRA

Flux (em=2 s1)
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Solar Neutrino Problem
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Solar Neutrino Problem

| | I | ! ! | | | ! | | | LI I

—
o

[G—Y
b=
———

=
o0

|
|
;(
Izl

- -
- o)

| | I | | | | | | | I | | |
—o—i

tio to SSM Prediction (BP04)

“Most likely, the solar neutrino problem has nothing
to do with particle physics. It is a great triumph
that astrophysicists are able to predict the number
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of 8B neutrinos to within a factor of 2 or 3”...
—H. Georgi & M. Luke, Nucl. Phys.B347, | (1990) Energyla\/IeV)




Sudbury Neutrino
Obseljvatory (SNO)

* |2m acrylic © L7kT +
vessel 5.3kT
H,O buffer
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60% coverage
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Solar Neutrino Problem:

Resolved

[E—

\®)
v
|

[—
=
———

)
=z
O
O
)

O
o0
|

Ga

-
o))
I
e
I

Ratio tg SSM Prediction (BP04)
N
—————
T
Izl
I

- * SNO Phase I (D,0)
i SNO Phase II (D,0O+NaCl)
- 4 SNO Phase III (D,0+ He)

-1
10 |

&
to
|
|




Solar Neutrino Problem:

Resolved
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Questions Beyond the
SNP

(A) What is the true shape of the Ve survival probability?

(B) Can we observe the Day / Night effect? (If not, why not??)
(C) What is the metallicity of the Sun’s core!?

(D) Can we measure the neutrino luminosity ( ,CV)?

(E) (Are there periodicities / time-dependence to ,Cv?)

(F) (Precision measurements of fluxes & oscillation parameters)



(A) Vacuum-Matter Transition
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(A) Vacuum-Matter Transition
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(A) Vacuum-Matter Transition

In these regimes, Pee depends only on 05,

1.0
Low energy: B = z‘EGFN L,
Phase-averaged Am’
vacuum oscillations
p 06 | P <cos20, ‘High’ energy:

cc

Matter-dominated

: 1 -—sin®26,

)
| .
resonant conversion

04 2

e 2

sin“26,,
02
00

hep-ph/0305159



(A) Vacuum-Matter Transition

In these regimes, Pee depends only on 05,

Not the or
L0
Low energy: B = 2*/5 GyN L,
Phase-averaged Am’
vacuum oscillations
p 06 | P <cos20, ‘High’ energy:

Matter-dominated

: 1 -—sin®26,

)
| .
resonant conversion

04 2

e 2

sin“26,,
02
00

hep-ph/0305159



(A) Vacuum-Matter Transition

In these regimes, Pee depends only on 05,
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Probing the Unknown

Non-standard physics effects can alter the shape / position of the “MSW rise”
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Non-standard interactions
(flavour changing NC)
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Probing the Unknown

Non-standard physics effects can alter the shape / position of the “MSW rise”

Non-standard interactions

(flavour changing NC)
Sterile Neutrinos
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Probing the Unknown

Non-standard physics effects can alter the shape / position of the “MSW rise”

Non-standard interactions

(flavour changing NC)
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SNO: Precision Era

Low Energy Threshold Analysis

Recoil-electron energy threshold: 5.5 MeV = 3.5 MeV

Direct Fit for Energy-Dependent Survival Probability

Combined Analysis of all Three Phases of Solar Neutrino Data from the Sudbury
Neutrino Observatory arXiv:1109.0763v1 [nucl-ex]
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Recoil-Electron Spectra
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Recoil-Electron Spectra
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Survival Probability
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Non-Standard Model 'lesting

Light sterile neutrino PRD 83:113011 (2011)
Non-standard MSW Dynamics PRD 83:101701 (201 1)
Non-Standard Models, Solar Neutrinos and Large 0,3

arXiv:1305.5835 [hep-ph]
Considers:

Non-standard forward scattering
Mass-varying neutrinos
Long-range leptonic forces
Non-standard solar model
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Non-Standard Model 'lesting
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(B) Day / Night Asymmetry
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(C) Understanding the Sun

Bahcall, Pinsonneault and Basu, Astro. Phys. J 555:990 (2001)
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S o ~ Beautiful agreement between SSM and
 helioseismology
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' Largest effect on pp-chain flux:

~17% reduction of 8B (x 14% theory)
» Hard to distinguish
» Not characteristic

SNO’s B obeys the ambiguity principle:

Ambiguity Principle: For any given experimental test
of a hypothesis, Nature will always strive to return the

most ambiguous answer possible ---J. R. Klein
Ax? Profile for CNO v Rate
CNO flux depends linearly on core S 1o .
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Predictions differ by >30% :
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PRL 108, 051302 (2012)

CNO v rate / counts/(dayx100ton)



(D) Solar Luminosity

Assume Ys & Vs produced only in fusion reactions:
=> relate Y luminosity to V luminosity

neutrino
Helium (JHe) (e-type)

nucletij's positr' in,.
® )

o




(D) Solar Luminosity

Assume Ys & Vs produced only in fusion reactions:
=> relate Y luminosity to V luminosity

Each v flux, ®; < specific amount of energy released
in the fusion reaction per Vv, ;

neutrino A A U Z a’b

Helium (JHe) (e-type)

nucleq_s positr ﬂ‘V.
. ¢ : The “Luminosity Constraint™

-~




(D) Solar Luminosity

Assume Ys & Vs produced only in fusion reactions:
=> relate Y luminosity to V luminosity

Each Vv flux, ®; <> specific amount of energy released
in the fusion reaction per Vv, ;

neutrino A A U Z a’b

Helium (JHe) (e-type)

nucleus  nositra i\’.
. ¢ ' The “Luminosity Constraint™

o

Test for:
V appearance/disappearance

E loss/generation mechanisms
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The Road Forward

What the Sun can tell us about neutrinos

Precision pep flux } Search for new physics in
Low-energy B spectrum transition region
Day/Night asymmetry measurement Confirm MSW

What neutrinos can tell us about the Sun

CNO flux measurement Resolve solar metallicity
Direct pp measurement Luminosity constraint

“Gold ring of solar neutrino physics & astronomy”
--- John Bahcall
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Inherent Challenges:

understood detectors

® Need large, well-

® No

eject backgrounds
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»

“beam gate

't rely on knowledge of incident flux

e C(Can
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Solar flux
uncertainty

Can’t turn ‘beam’

or backgrounds

off
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low statistics
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Liquid Scintillator

SN

ater Cerenkov
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I 2o o Aluminum sheets
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FIC. 1. Chemical reactor for extraction of Ce from Ca. SI \GE

Phys.Rev.C60:055801,1999
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The Advantages of Depth

'1C produced by cosmic p hitting
organic molecules

KamLAND: 2700 mwe
Borexino: 3500 mwe
SNO+: 6080 mwe
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The Advantages of Depth

'1C produced by cosmic p hitting
organic molecules

KamLAND: 2700 mwe
Borexino: 3500 mwe
SNO+: 6080 mwe

Analytically generated spectra with 5%/ VE resolution
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The Road Ahead

CLEAN, LAr
Cryo/TPC?
KamLAND, BOREXINO, SNO+, LENS, LENA
8B, hep Scintillator Era
o Cherenkov Era Mega-Cherenkov Era? .
—— M T SN WS W W W W W W —— —
pp.’Be,”B Hyper-K, LBNE, MEMPHYS

Radiochemical Era

J.R. Klein

Needs going forwards:
Super-sized detector (stats)
Ultra low bkg
CC detection (spectrum)
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On The Horizon

CC detection: LENS Noble Liquid DM
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Low Energy Neutrino

Astronomy

® 50kT (30kT FV solar), 30% coverage

® Unprecedented statistics

® 30 discovery potential for 0.5%-
amplitude temporal fluctuations in 'Be

Detection Neutrino BPSO08(GS) (cpd) BPS08(AGS) (cpd)
Channel Source total >250keV total >250keV
ve — ev pp 626+3 41.5+0.3 632+3  42.0+0.2
pep 78518 60916 80618 62616
hep 0.29+0.03 0.27+0.03 | 0.30+0.05 0.29+0.05
"Be 144904864 8307495 | 12968779 74344447
5B 14115 137£15 113+12 108+£12
CNO 2919+468 9091146 | 1874279 58487
BC(v.,e)®N | B 2.9+0.3 2.6+0.2

e CCon!3C

J-Winter et al, TAUP 201 | Proc.
http://www.e | 5.ph.tum.de/research_and_projects/lena/



http://www.e15.ph.tum.de/research_and_projects/lena/
http://www.e15.ph.tum.de/research_and_projects/lena/

Experimental Techniques
or “How to Scale Up!?”

® |ncrease photocathode coverage
e HQE PMTs + light concentrators

e |APPD (Large Area PS Photo Detector)

® |ncrease light yield
® Reduce attenuation

e Additive e.g. quantum dots (*)

® |ncrease information

® Directionality from Cherenkov component

(*) “Next Generation Liquid Scintillator Based Detectors: Quantums Dots and Picosecond Timing” L. Windlow



Water-Based LS Target

Dissolution of LS into ultra-pure water

% High light yield of LS

= | ow energy threshold

= Good energy resolution
X Directional info from Cherenkov in HO
X Long attenuation of water

X Increased metal loading (hydrophilic ions)

M. Yeh et al., BNL (arXiv 1308.0493)
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Dream Detector

Large scale (S0kT - MT)

Simple design: minimise systematics

Liquid scintillator: = t/h, resolution

Load with isotope: CC detection
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Dream Detector

® |arge scale (50kT - MT)

® Simple design: minimise systematics

® |iquid scintillator: = t/h, resolution

® | oad with isotope: CC detection

= 7Li,3’Cl, H-WbLS?
& Comparable event rates for

a) 30kT '3Chat

b) 5% ’Liin 780T

B> 60 in 5 yrs (LMA vs flat)
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Other Physics (!)

Events/10 keV (10°%p y)"!

Neutrino mass hierarchy

Geoneutrinos

Supernova neutrinos i poveK ==
Proton decay P ====—

Lifet S
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\ w

1995 2000 2005 2010 2015 2020 2025 2030 2035 2040
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Summary

Major accomplishments in recent decades

Many open questions remain
e Confirm MSW
* Resolve metalicity
* Determine L constraint

Unique opportunity to probe behaviour of
neutrinos and solar structure

Need a new, large-scale, high precision
experiment!
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